Following oxidative stress, modifications of several biologically important macromolecules have been demonstrated. In this study we investigated the effect of a natural extract from Mangifera indica L (Vimang), its main ingredient mangiferin and epigallocatechin gallate (EGCG) on energy metabolism, energy state and malondialdehyde (MDA) production in a red blood cell system. Analysis of MDA, high energy phosphates and ascorbate was carried out by high performance liquid chromatography (HPLC). Under the experimental conditions, concentrations of MDA and ATP catabolites were affected in a dose-dependent way by H 2 O 2 . Incubation with Vimang (0.1, 1, 10, 50 and 100 μg/mL), mangiferin (1, 10, 100 μg/mL) and EGCG (0.01, 0.1, 1, 10 μM) significantly enhances erythrocyte resistance to H 2 O 2 -induced reactive oxygen species production. In particular, we demonstrate the protective activity of these compounds on ATP, GTP and total nucleotides (NT) depletion after H 2 O 2 -induced damage and a reduction of NAD and ADP, which both increase because of the energy consumption following H 2 O 2 addition. Energy charge potential, decreased in H 2 O 2 -treated erythrocytes, was also restored in a dosedependent way by these substances. Their protective effects might be related to the strong free radical scavenging ability described for polyphenols.
Introduction
During electron transfer there is a production of free radicals, reactive oxygen species (ROS) and highly reactive oxygencontaining radicals by a wide range of different phenomena (e.g., oxidative metabolism of mitochondria, activation of inflammatory cells, hyperoxia, ischemia/reperfusion, the arachidonic acid cascade, cytochrome P450-mediated reactions and exposure to chemicals or physical agents, such as gamma rays) [1] . The first exhaustive experiments performed in human erythrocytes showed the ability of ROS to also induce lipid peroxidation and haemolysis [2] . Further experiments demonstrated that ROS are also responsible for a significant depletion of the pyridine coenzyme pool mainly because of ATP consumption due to the activity of reducing enzymes [3] . Both processes are responsible for a reduction of the energy charge (i.e., ATP and GTP concentrations) of most normal cells and for an increase of ADP cellular concentration. NAD/NADH ratio as well is raised due to the increased energy consumption while adenosine monophosphate (AMP) deaminase, one of the main targets of oxidative stress [3] , seems to depress energy metabolism by blocking the rescue pathway of purine nucleotides.
Several types of cells, including erythrocytes, contain different defense mechanisms against free radical-induced lipid peroxidation, which include both enzymatic (such as catalase, superoxide dismutase and glutathione peroxidase) and non-enzymatic factors (e.g., reduced glutathione and other prominent representatives of dietary antioxidants, such as ascorbate (vitamin C), tocopherols (vitamin E), carotenoids, selenium and flavonoids). All these molecules have been shown to react with free radicals reducing reactive species-mediated damages both in vitro and in vivo [3] . Intracellular antioxidant species may act in vivo to decrease oxidative damage to DNA, protein and lipids, thus reducing the risk of systemic diseases complications and cancer [4, 5] . Flavonoids are a large group of polyphenolic antioxidants that occur in several fruits, vegetables, and beverages such as tea and wine. Similarly, many plants contain a range of potential and powerful antioxidants. The biological, pharmacological and medical properties of polyphenols, have been also extensively reviewed [6, 7] .
Recently, a standard aqueous stem bark extract from selected species of Mangifera indica L. (Anacardiaceae), which has been used in pharmaceutical formulations in Cuba under the brand name of Vimang®, has been reported to show a potent in vivo and in vitro anti-inflammatory activity [8, 9] , immunomodulation on rat macrophages [10] and a strong in vitro and in vivo antioxidant effect [11, 12] .
Different studies demonstrated that mango stem bark extract could be useful to prevent the hyperproduction of reactive oxygen species (ROS) by peritoneal macrophages and from (TPA)-induced oxidative damage in serum, liver, and brain of mice, being more active than vitamin C, vitamin E, and β-carotene [12] . This extract also shows a very powerful scavenger activity for hydroxyl radicals (OH · ) and hypochlorous acid, associated to a relevant inhibitory effect on the peroxidation of rat brain phospholipids and a protective effect against DNA damage induced by iron/bleomycin or copperphenantroline models [11] .
The chemical composition of Vimang ® has been characterized by chromatographic (planar, liquid and gas) methods, mass spectrometry and UV/Vis spectrophotometry [13] . The total polyphenol content of Vimang® determined by the FolinCiocalteu method and expressed as gallic acid equivalents, was 34 g/100 g dry weight. Chemical studies have enabled the isolation and identification of phenolic acids, phenolic esters, flavan-3-ols, mangiferin, which is the predominant component of this extract [13] , and micronutrients as selenium [14] .
The mangiferin content was determined by HPLC methods and found to represent about 13% of the powdered extract, i.e., about 50% of polyphenols with antioxidant activity present in crude mango extract. Mangiferin has been previously tested in vitro for its antioxidant [15] [16] [17] , immuno-stimulating and antiviral properties [18] and it was found (i) to protect hepatocytes, lymphocytes, neutrophils and macrophages from oxidative stress [19, 20] , (ii) to reduce atherogenicity in streptozotocin diabetic rats [21] and (iii) to reduce the streptozotocin-induced oxidative damage to cardiac and renal tissues in rats [22] .
On the whole, these data prompted us to analyze the efficacy of this molecule, as well as of the crude mango extract Vimang® against oxidative damage to erythrocytes. Along this line, this study was designed to determine the effect of Vimang and mangiferin, the main polyphenols present in mango extracts, on the MDA release in erythrocytes as well as on the energy metabolism after hydrogen peroxide exposure ex vitro on red blood cells from healthy individuals. EGCG [23] was used as a reference compound in order to compare the activity of Vimang and mangiferin.
Materials and methods

Plant Material
M. indica was collected from a cultivated field located in the region of Pinar del Rio, Cuba. Voucher specimens of the plant (Code: 41722) were deposited at the Herbarium of Academy of Sciences, guarded by the Institute of Ecology and Systematic from Ministry of Science, Technology, and Environmental, Havana, Cuba. Stem bark extract of M. indica was prepared by decoction and concentrated by evaporation and spray dried to obtain a fine brown powder, which was used as the standardized active ingredient of Vimang® formulations. It melts at 210-215°C with decomposition.
The extract contains a defined and standardized mixture of components such as polyphenols, terpenoids, steroids, fatty acids and microelements [14] and it was provided by the Center of Pharmaceutical Chemistry, Havana, Cuba. A phytochemical investigation of mango stem bark extract has led to the isolation of seven phenolic constituents (namely gallic acid, 3,4-dihydroxy benzoic acid, gallic acid methyl ester, gallic acid propyl ester, mangiferin, (+)-catechin, (−) epicatechin, benzoic acid and benzoic acid propyl ester, with mangiferin as the main polyphenol present). Mangiferin content was determined by HPLC methods [13] and it represents approximately 13% of powdered extract.
Mangiferin was purified from a 5 mg/mL solution of the lyophilized powder mentioned above. It was extracted with methanol (85%) and crystallized in aqueous ethylacetate as described in [24] . Further analysis demonstrated that mangiferin purity was about 95% by high performance liquid chromatographic (HPLC) analysis using PDA detector (254 nm) and a mobile phase of acetonitrile and 3% acetic acid (16:84) [22] .
Purified EGCG was purchased from Sigma Chemical.
Induction of oxidative stress to human erythrocytes
The simplicity, availability and ease of isolation make erythrocytes an excellent model for membrane studies and redox analysis [25] . Free radical damage to erythrocytes was performed as described previously [26] . In brief, peripheral venous blood samples were obtained from healthy volunteers and collected into heparinized tubes. After 10 min centrifugation at 1853×g and 4°C, carried out within 15 min of withdrawal, erythrocytes were washed twice with a large volume of 10 mM glucose supplemented PBS. After the second wash, packed erythrocytes were gently resuspended with PBS-glucose to obtain a 5% haematocrit and preincubated at 37°C for 10 min in the presence of 1 mM NaN 3 (to inhibit catalase activity). Subsequently, they were divided into various aliquots of 1.6 mL for each experimental treatment. All of these, except the controls tubes, were challenged with different concentrations of H 2 O 2 (1, 2, 5 and 10 mM) with or without the addition of different concentrations of the natural extract Vimang (0.1, 10, 50 and 100 μg/mL), its main component, mangiferin (1, 10 and 100 μg/mL) and EGCG (0.01, 0.1, 1 and 10 μM) as reference compound. After 60 min at 37°C, cells were kept for 60 s in an ice bath and then centrifuged at 1853×g for 10 min at 4°C. Supernatants were divided into two parts: one was used for determining haemoglobin concentration, the other was deproteinized using 70% HClO 4 (10:1, v/v) to measure the concentration of metabolites released in the incubation medium. Preliminary experiments demonstrated that in our conditions the highest non-haemolytic H 2 O 2 concentration was 10 mM. Packed erythrocytes were deproteinized by adding ice-cold 1.2 M HClO 4 (1:2, w/w). Both deproteinized red blood cells and supernatants were centrifuged at 20,690×g for 10 min at 4°C, neutralized by adding 5 M K 2 CO 3 in ice, filtered through a 0.45 μM Millipore-HV filter and then analyzed by HPLC (100 μL) for the simultaneous direct determination of malondialdehyde (MDA) and adenine nucleotides [27] .
Biochemical analysis
Concentrations of MDA and high-energy phosphates were determined on 100 μL of perchloric acid extract by an ion-pairing HPLC method [27] using a Vydac 250 × 4.6 mm, 5-μm particle size column, with its own guard column (Eka Chemicals AB, Bohus, Sweden), and using tetrabutylammonium hydroxide as the pairing reagent. Briefly, separation of different metabolites was obtained by forming a step gradient (adapted to the column length increase with respect to the original method [27] ) with two buffers of the following composition: buffer A, 10 mM tetrabutylammonium hydroxide, 10 mM KH 2 PO 4 , 0.25% methanol pH 7.00; buffer B, 2.8 mM tetrabutylammonium hydroxide, 100 mM KH 2 PO 4 , 30% methanol pH 5.50. The gradient was: 10 min 100% buffer A; 3 min 90% buffer A; 10 min 70% buffer A; 12 min 55% buffer A; 15 min 45% buffer A; 10 min 25% buffer A; 5 min 0% buffer A. The flow rate throughout chromatographic runs was 1.2 mL/min and the column temperature was kept at a constant 23°C by using water-jacketed glassware. The HPLC apparatus consisted of a Surveyor LC Pump (ThermoFinnigan Italia, Rodano, Milan, Italy) connected to a Surveyor PDA Detector (ThermoFinnigan Italia) at 200-300 nm. Acquisition and analysis of data were performed using the ChromQuest program (ThermoQuest Italy).
Comparison of areas, retention times and absorbance spectra of the peaks of sample chromatograms with those of freshly prepared ultrapure standards allowed the calculation of the concentration of the various compounds at 267 nm (the maximum of MDA absorbance spectrum) and the identification of the different metabolites. Haemoglobin and percentage haemolysis were calculated by standard haematological techniques [28] using a Jasco-685 double beam spectrophotometer.
Energy charge potential (ECP) was calculated according to [29] by means of the following relationship:
where ΣNT (=ATP + ADP + AMP) is the sum of adenine nucleotides.
Statistical analysis
Data were entered into the GraphPad Prism statistical analysis program (GraphPad, San Diego). Comparison of results from various incubations conditions were done by one-way analysis of variance (ANOVA). Analysis a posteriori was carried out using Dunnett's, Bonferroni's or Tukey's tests whenever significant effects of different molecules were found on MDA production. In particular, unequal sample size correction, if necessary, was always applied to Dunnett's test; Bonferroni's test was used for multiple comparison and Tukey's test was used to analyze media and standard deviations in different experiments.
Results
Analysis of metabolic decay
In order to study the effects of antioxidants on oxidative stress, we analyzed both metabolic decay and lipid peroxidation in human erythrocytes. A preliminary paper [27] demonstrated that with a simple ion-pairing HPLC analysis, it is possible to simultaneously detect the amount of adenine nucleotide derivatives and malondialdehyde so as to obtain information about energy metabolism and the peroxidative damage. A typical elution pattern of PCA extract from erythrocytes is shown in Fig. 1 , where the assignment of peaks to the corresponding compounds has been performed by comparing the retention times of the samples with respect to those obtained with a standard mixture. On the basis of the results obtained, we compared the effects of different concentrations of mangiferin, Vimang extract and EGCG on energy charge of red blood cells. Fig. 2 shows that the main phosphorylated compounds necessary for all the energy requiring reactions of erythrocyte metabolism, i.e., ATP and GTP, were significantly reduced after H 2 O 2 challenge in a dose-dependent manner, whereas usually a dose-dependent decrease of total nucleotidic pool was observed upon H 2 O 2 addition (3438 μM in controls vs. 2700 μM in 10 mM H 2 O 2 treated RBC). The oxidative stress activates one major route of pyridine nucleotide catabolism (i.e., protein ADP-ribosylation) without acute inhibitory effect on the other one (i.e., cleavage by NAD glycohydrolase) [30] . The increase of NAD observed in our conditions, ranging from 580 μM in untreated cells to 934 μM in 10 mM H 2 O 2 -treated cells (data not shown) further supports the occurrence of an overproduction of oxygen radicals observed upon H 2 O 2 addition.
The energy potential charge, which in erythrocytes and other cells is roughly close to unit (0,823 in our experiments) decreases in a dose-dependent manner when H 2 O 2 is added, falling to 0.684 when H 2 O 2 concentration is 10 mM (Fig. 3) .
Protective effects of Vimang, mangiferin and EGCG on energy charge potential
The treatment of erythrocytes with increasing concentrations of Vimang (0.10-100 μg/mL), mangiferin (1-100 μg/mL) and EGCG (0.01-10 μM) was significantly effective in inhibiting the depletion of high energy phosphates. In particular, over a concentrations range between 0.1 and 100 μg/mL, Vimang restores, in a dose-dependent way, the ATP, GTP an total NT content of RBC, thus confirming its anti oxidant activity (Fig. 4,  panel A) . This protective activity on total NT concentration also mirrors that on NAD and ADP production, induced by ROS (Fig. 4, panel B) . Energy potential charge was also preserved in a dose-dependent way by Vimang addition, further confirming the antioxidant activity of the mixture (Fig. 4, panel C) .
Similar results have been obtained by using mangiferin. Results shown in Fig. 5 (panel A) demonstrate the antioxidant activity of this compound measured both as ATP, GTP and total NT savings associated to a decrease of NAD and ADP content (Fig. 5, panel B) , which had been increased after H 2 O 2 addition. Energy charge potential, decreased in H 2 O 2 -treated RBC, was also restored after addition of mangiferin in a dosedependent way.
EGCG, a well-known antioxidant compound, was evaluated for its protective activity on nucleotidic pool and energy charge potential. Results demonstrate that this molecule is highly active and is able to significantly reduce, even at low concentrations, the oxidative stress induced by H 2 O 2 on nucleotides (Fig. 6,  panel A) , on ADP and NAD production (Fig. 6, panel B ) and on energy charge potential (Fig. 6, panel C) .
On the whole, both total NT concentration and ECP, modified after H 2 O 2 addition, were restored in a dosedependent way by all compounds used, thus confirming the protective effects of the molecules used in our study.
Analysis of MDA production
Preliminary experiments demonstrated that MDA production followed a time-dependent increase after H 2 O 2 addition in a dose-dependent way (data not shown).
The effect of Vimang and its main component, mangiferin, on lipid peroxidation in RBC is shown in Fig. 7 . Total concentration of MDA (i.e., intracellular + extracellular) increased after addition of 10 mM H 2 O 2 from non detectable levels in the control samples to approximately 250 μM. Vimang was very effective in reducing erythrocytes membrane lipoperoxidation; thus, even at a concentration as low as 0.1 μg/mL it was capable of bringing about a more than 2-fold decrease of MDA concentration. Similar results have been obtained by using mangiferin and EGCG. which in turn disturbs oxygen delivery to the tissues and enhances haemolysis which could be a marker of oxidative stress. In our conditions we observed a dose-dependent increase on haemoglobin release in H 2 O 2 -treated erythrocytes. The amount of haemolysis was reduced in a dose-dependent manner in the presence of the different test substances used in our study, thus further confirming their activity on lipid peroxidation and membrane fluidity (Fig. 8) . In particular, a reduction of haemolysis by about 50% was observed when Vimang was used at a concentration of 100 μg/mL. Even higher haemolysis reduction has been observed when EGCG was used.
Effects of Vimang, mangiferin and EGCG on ascorbate production
Ascorbate is a natural antioxidant able to reduce the activity of free radicals. Since ascorbate is involved in vitamin E redox cycling and vitamin E is the main membrane-bound lipid peroxidation chain breaker, a decrease in ascorbate concentration might be responsible for an enhanced MDA production. Ascorbate amount rapidly decreases in the presence of H 2 O 2 , thus favouring lipid peroxidation. The concentration of ascorbate as a sensitive intracellular antioxidant [31] was checked and it turns out that Vimang, mangiferin and EGCG markedly enhance, in a dose-dependent way, the production of RBC-mediated ascorbate, which had been decreased upon H 2 O 2 addition; these data further confirm the protective effects that these molecules can exert on erythrocytes (Fig. 9) . In particular, addition of 100 μg/mL Vimang or mangiferin and 10 mM EGCG fully restores ascorbate production after H 2 O 2 -induced oxidative stress.
Discussion
The aim of the present work was to prove the phytotherapeutical significance of an officinal and popular medicinal extract and its main ingredient, on the basis of their antioxidant activity due to their influence on pathological free radical reactions. Experimental methods were planned and developed in order to measure the antioxidant, free radical scavenging and membrane protecting activities and to monitor the capacity of these natural compounds to reduce the extend of lipid peroxidation. Some previous "in vivo" experiments demonstrated that Vimang is a better scavenger of ROS and a more efficient inhibitor of oxidation tissue damage than vitamin C, vitamin E, β-carotene and mangiferin [12] . Mangiferin, constituting approximately 10% of the whole Vimang extract [13] , was also identified as a ROS scavenger.
Different models have been proposed to detect both the effects of reactive oxidizing species and the activity of natural Differences in ATP, GTP, total NT, NAD, ADP concentrations and energy charge were significant (P < 0.05) between 0 and 100 μg/mL Vimang concentrations. No statistically significant difference between 100 μg/mL Vimang and control RBC has been observed. and synthetic scavengers; among them, erythrocytes rapidly became a useful general model to evaluate the effects of ROS and antioxidants on a very accurate cellular system. Besides the practical implications of this cell system, there is a physiological interest because erythrocytes represent an important component of the antioxidant capacity of blood, comprising the glutathione system and intracellular enzymes, such as superoxide dismutase and catalase. ATP and energy substrate concentrations in the cell are not random; they are part of stress response of the cell and an abrupt rise in energy demand, due to the increased ROS concentration, induces the adenylate pool to respond first by a decrease in its size. As a consequence of the imbalance between phosphorylating and dephosphorylating processes in the presence of oxidants, such as H 2 O 2 , both total NT and ECP were also remarkably reduced in a dose-dependent manner. In our conditions, after 1 h incubation at 37°C in the presence of the highest H 2 O 2 concentration (10 mM), about 46% ATP depletion was observed with a concomitant significant ADP increase (37%). AMP concentration rose from 20.45 μM to 50.1 μM and GTP concentration decreased from 2.025 mM in control to 781 μM when 10 mM H 2 O 2 was used to trigger oxidative stress. Adenosine, a marker of ATP degradation, also increased during H 2 O 2 incubation, in a dose-dependent manner, from 320 μM for control erythrocytes to 1.36 mM when H 2 O 2 was used at a concentration of 10 mM.
On the whole, these observations could be explained by the tetravalent reduction of the reactive oxygen species (produced by H 2 O 2 ) which, in turn, consumes ATP, thus progressively reducing the energy charge. The rapid decrease in ATP content is further associated to a loss of ability for a correct reduction of oxygen catalysis. This phenomenon, in combination with the oxidation of hypoxanthine to xanthine and uric acid catalyzed by xanthine oxidase, has been proposed as one of the main intracellular sources of superoxide anions. Although not particularly toxic, this molecule may be transformed, through different mechanisms, into various highly reactive and toxic oxygen radicals, such as the strong oxidant hydroxyl radical OH · . Therefore, antioxidants which are able to impair the formation of oxygen reactive species could block ATP consumption, thus maintaining in a dose-dependent way the energy charge ≈1.0.
At all concentrations used, Vimang, its main component mangiferin and EGCG have been shown to be able to scavenge ROS, thus inhibiting all those processes leading to RBC damage, energy charge decrease and membrane destabilization. In particular, all molecules used restore, in a dose-dependent way, the ATP, GTP and total NT content of RBC, thus Differences in ATP, GTP, total NT, NAD, ADP concentrations and energy charge were significant (P < 0.05) between 0 and 100 μg/mL mangiferin concentrations. No statistically significant difference between 100 μg/mL mangiferin and control RBC has been observed. Fig. 6 . Effect of EGCG at different concentrations on energy metabolism. Different concentrations (μg/mL) of EGCG, as reported in the abscissa, were added to 10 mM H 2 O 2 treated RBC, as described in Materials and methods. C column is referred to untreated RBC. Panel A: ATP, GTP and total NT concentrations; panel B: NAD and ADP concentrations; panel C: energy charge potential. Each column represents the mean ± S.E. of three different blood samples expressed as μM. Differences in ATP, GTP, total NT, NAD, ADP concentrations and energy charge were significant (P < 0.05) between 0 and 10 μg/mL EGCG concentrations. No statistically significant difference between 10 μg/mL EGCG and control RBC has been observed. Fig. 7 . Effect of different compounds on MDA production. C: untreated RBC; H 2 O 2 : 10 mM H 2 O 2 -treated RBC; V1: H 2 O 2 -treated RBC incubated with 1 μg/mL Vimang; V100: H 2 O 2 -treated RBC incubated with 100 μg/mL Vimang; M1: H 2 O 2 -treated RBC incubated with 1 μg/mL mangiferin; M100: H 2 O 2 -treated RBC incubated with 100 μg/mL mangiferin; E0.1: H 2 O 2 -treated RBC incubated with 0.1 μM EGCG; E10: H 2 O 2 -treated RBC incubated with 10 μM EGCG. Each column represents the mean ± S.E. of three different blood samples expressed as μM. Differences between V1 vs. V100, M1 vs. M100 and E0,1 vs. E10 were significant (P < 0.05). confirming their anti-oxidant activity (Figs. 4-6 ). This protective activity on total NT concentration mirrors also the NAD and ADP production, induced by ROS. Energy potential charge was also preserved in a dose-dependent way, further confirming the antioxidant activity of the mixture (Fig. 4, panel  C) . Scavenging activity of the molecules used in the study was further confirmed by membrane stabilization, clearly indicating that ROS can damage RBC membrane by acting on membrane phospholipids. Addition of Vimang, mangiferin and EGCG significantly reduces this damage, thus restoring membrane fluidity and stability. It must be pointed out that green tea polyphenol epigallocatechin gallate (EGCG) has been proposed as a cancer chemopreventive and several studies have shown that EGCG can act as an antioxidant by trapping peroxyl radicals and inhibiting lipid peroxidation. This compound blocks lipid peroxidation in erythrocyte membranes induced by t-butylhydroperoxide and it protected ATPases against t-BHPinduced damage [23] . This paper describes, for the first time, the protective activity of this molecule on nucleotides pool and energy charge, thus confirming its strong antioxidant and scavenger activity on a very sensitive system such as RBC challenged with H 2 O 2 .
Erythrocytes and erythrocyte membrane have a high ratio of polyunsaturated fatty acids to total lipids, indicating susceptibility to lipid peroxidation; moreover, RBC are highly vulnerable to lipid peroxidation due to constant exposure to high oxygen tension and the presence of high Fe ion concentrations [32] . Extensive investigations demonstrated the key role of oxidative stress and iron release in a reactive form causing membrane protein damage via the Fenton reaction and hydroxyl radical production. In the absence of an efficient protection by antioxidant factors (such as flavonoids), oxidative stress is responsible for iron release in reactive form, bringing about red cells haemolysis [33] . A study performed using a spectrophotometric titration technique [34] revealed that tea polyphenols (TPP) were capable of binding ferric ion in a stoichiometric amount to form a redox inactive Fe-TPP complex. Quantitative analysis suggests that one or more major catechins from the TPP preparations are the likely iron binding compounds accounting for the antioxidant effects of TPP on red blood cells. Recent investigations have demonstrated that Vimang is able to prevent iron mediated mitochondrial damage by means of oxidation of reduced transition metals required for the production of superoxide and hydroxyl radicals and direct free radical scavenging activity. This study describes the iron-complexing ability of Vimang as the primary mechanism for protection of rat liver mitochondria against Fe 2+ -citrate-induced lipoperoxidation; on the other hand, mangiferin could form a complex with Fe 2+ , accelerating the Fe 2+ oxidation and the formation of more stable Fe3 + -polyphenol complexes, which are unable to participate in Fenton-type reactions, and the lipoperoxidation propagation phase [35] .
Dietary antioxidants are believed to protect humans from disease and aging, since they play a major role in maintaining the homeostasis of the oxidative balance. Indeed, a large number of previous studies has also reported enhanced protection by polyphenols on RBC [36] . Plant-derived phenols are reported to have a broad spectrum of free-radical scavenging, antioxidant and protective activities [37] [38] [39] [40] [41] . In other studies red wine polyphenols, containing 3.5 mM gallic acid equivalent (GAE) of phenolic compounds, prevented oxidative modifications on the RBC system, such as haemolysis and lipid peroxidation. The protective effect was less apparent when red blood cells were incubated with wines containing lower levels of polyphenols [42] . (−)Epicatechin has been shown to enhance antioxidative defense systems in diabetic erythrocytes [43] .
We should underline that mangiferin constitutes approximately 10% of the whole extract and, considering this, it might be possible that the efficacy of Vimang at 100 μg/mL could be similar to that obtained for the pure mangiferin at 10 μg/mL. EGCG, in our experimental model, was found to be more active than mangiferin, thus indicating the importance and the possible synergistic effects due to other polyphenols in the extract.
By-products of lipid peroxidation are low-molecular weight compounds, such as carbohydrates (ethane and pentane) and aldehydes, e.g., MDA, which is the by-product of both peroxidation of phospholipids and the activation of the arachidonate cycle. Therefore, it is generally regarded as a marker of peroxidative damage induced in cell membranes by both physical and chemical oxidative stresses, rendering its determination in biological samples particularly interesting [44] . Although the inhibitory activity of Vimang and mangiferin on MDA production has been described previously [11, 12] , its determination in the present work by HPLC technique furnishes more reliability and reproducibility to the obtained results. Nevertheless, these products where studied for the first time in a new context, erythrocytes system, giving another explanation of the beneficial effects of Vimang consumption by patients suffering of oxidative stress.
Vitamin C is considered to be one of the most powerful, least toxic natural antioxidants. It is found in high concentrations in many tissues; human plasma contains about 60 mM ascorbate [31] . After interaction with ROS, ascorbate is oxidized to dehydro-ascorbate via the intermediate ascorbyl free radical. Dehydro-ascorbate is recycled back to ascorbic acid by the enzyme dehydro-ascorbate reductase. Thus, dehydro-ascorbate is found at only very low levels as compared to ascorbate. As a scavenger of ROS, ascorbate has been shown to be effective against H 2 O 2 , the hydroxyl radical, the superoxide radical anion, singlet oxygen and in aqueous solutions it also scavenges reactive nitrogen oxide species efficiently, preventing the nitration of target molecules. We also determined the ascorbic acid concentration in the analyzed samples as an attempt to elucidate the mechanisms of the antioxidant action of the extract. The enhancement of this molecule in peroxidized cells treated with the extract might indicate the activation of antioxidant defenses by all molecules used in the study. Since Vimang has been studied in different in vitro and in vivo systems, where it elicited a clear antioxidant effect, its action in human beings might be predictable. A sign of this has been a clinical trial where Vimang supplementation on HIV patients shows evidence of improved antioxidant status and reduced oxidative damage [45] .
The results presented herein, allow us to conclude that besides of the aforementioned antioxidant effects of Vimang, mangiferin and EGCG, they exert an important role in the protection of erythrocytes from ROS production, contributing to the integrity and functionality of these cells. Their protective activities against erythrocyte damage constitutes another reason to consider them as a promising therapeutic agents for a great number of pathologies where cell oxidative stress is implicated.
